The roles of ice particle size distributions (SDs) and particle shapes in cirrus cloud solar radiative transfer are investigated by analyzing SDs obtained from optical array probe measurements (particle sizes larger than 20-40 m) during intensive field observations of the International Cirrus Experiment, the European Cloud and Radiation Experiment, the First ISCCP Regional Experiment, and the Central Equatorial Pacific Experiment. It is found that the cloud volume extinction coefficient is more strongly correlated with the total number density than with the effective particle size. Distribution-averaged mean single scattering properties are calculated for hexagonal columns, hexagonal plates, and polycrystals at a nonabsorbing (0.5 m), moderately absorbing (1.6 m), and strongly absorbing (3.0 m) wavelength. At 0.5 m (1.6 m) (3.0 m), the spread in the resulting mean asymmetry parameters due to different SDs is smaller than (comparable to) (smaller than) the difference caused by applying different particle shapes to these distributions. From a broadband solar radiative transfer point of view it appears more important to use the correct particle shapes than to average over the correct size distributions.
Introduction
The solar radiative properties of cirrus clouds are determined by the shape and number density distributions of ice particles as well as by the spatial structure of the clouds themselves. In recent years, most work has been focused on the shape problem, that is, on the nonsphericity of atmospheric ice crystals. Based on the ray optics approximation, single scattering properties have been calculated for regular hexagonal cylinders (e.g., Takano and Jayaweera 1985) , for bullets, bullet rosettes, various stellar and dendritic crystals (Macke 1993; Iaquinta et al. 1995; Takano and Liou 1995; Macke et al. 1996) , and for highly complex shaped polycrystals . The problem of light scattering by small ice crystals, where the ray optics approximation may not be valid, has also been investigated (Yang and Liou 1995; Macke et al. 1996) .
Comparisons of modeled and observed broadband fluxes during the First ISCCP (International Satellite Cloud Climatology Project) Regional Experiment (FIRE) (Starr 1987) have shown that light scattering by real ice crystals is more isotropic than from hexagonal particles. (Kinne et al. 1992; Stackhouse and Stephens 1991) . Direct and indirect measurements of ice particle phase functions in cirrus clouds (Gayet et al. 1995; Francis 1995; Posse and von Hoyningen-Huene 1996; Spinhirne et al. 1996) confirm this finding. At present, it seems likely that particles exhibiting a greater degree of irregularity or randomness than hexagonal columns need to be taken into account to explain these results.
The single scattering results have to be averaged over certain ice crystal size distributions (SDs) before they can be used in radiative transfer calculations. Kinne and Liou (1989) calculated solar broadband planetary al-TABLE 1. Power-law coefficients A and B for length diameter relationships (in cm) for hexagonal crystals reported by Auer and Veal (1970) and Mitchell and Arnott (1994 bedos for five different distributions assuming hexagonal cylinders and surface equivalent spheres. These distributions have been regarded as characteristic for cirrostratus, cirrus uncinus, warm cirrus, cold cirrus, and tropical cirrus. This paper has already demonstrated that different assumptions for both particle sizes and shapes lead to significant changes in the solar energy transport. The strong spatial variability of ice particle shapes and number concentrations as measured during the intensive field campaigns of the European Cloud Radiation Experiment (EUCREX) (Raschke and Coauthors 1996) and FIRE makes it difficult to associate a single characteristic particle shape or size distribution to a certain cirrus cloud type.
In this paper, the implications of certain choices regarding ice particle shapes and sizes on the ''SD averaged'' single scattering properties are discussed. The following three particle shapes are considered here: solid hexagonal columns, solid hexagonal plates, and polycrystals. The scattering properties of these particle types are briefly discussed in section 2. Section 3 provides an analysis of a large number of in situ measured ice particle size distributions that have been obtained during the International Cirrus Experiment (ICE) (Raschke et al. 1990 ), EUCREX, FIRE, and the Central Equatorial Pacific Experiment (CEPEX). The influence of particle shapes and size distributions on the mean single scattering properties of ice crystals are compared in section 4.
It should be noted that our approach could be regarded as being not entirely self-consistent, in that in situ measurements of ice crystals usually contain information about the sizes and shapes of the particles, whereas we have only considered the size information in the present study. We have used the size/shape measurements to obtain the frequency distributions of particles with areaequivalent circular radii, and then applied this information to the three particle shape assumptions mentioned above, that is, columns, plates, and polycrystals. The main reason for this simplification is that the measured shape information is often not sufficient to reconstruct the actual three-dimensional geometry of an ice crystal. Furthermore, the reduction to three essentially different particle shapes is more likely to match the capability of shape predictions in cloud dynamical models.
Ice particle shapes and scattering properties
The shapes of atmospheric ice crystals range from relatively regular hexagonal cylinders to aggregates of those to highly complex polycrystals. According to Macke et al. (1996) , light scattering by solid hexagonal columns appears representative of the scattering properties of most columnlike particles such as hollow columns and solid or hollow bullets. Scattering by aggregates of columnlike particles (bullet rosettes) may also be substituted by that of their single components (Macke 1993; Iaquinta et al. 1995) . The dependence of light scattering on crystal type is much stronger for platelike particles. However, for reasons of simplicity, only solid hexagonal plates are considered in this study. Scattering by complex shaped polycrystals is approximated by a randomized Koch fractal as introduced in Macke et al. (1996) . A number of comparisons between observed and modeled radiance fields within and above cirrus clouds (Chepfer et al. 1997; Hignett et al. 1997; Descloitres et al. 1997) have shown that applying this particle type to the model calculations often produces much better agreement than using hexagonal symmetric crystals.
Empirical relationships between length l and diameter d for columnlike crystals and thickness l and diameter d for platelike crystals, both reported by Auer and Veal (1970) , have been adopted in the present study. They are given in power-law form as
The empirical constants A and B as well as the measured range of maximum dimensions are listed in Table 1 . The term ''maximum dimension'' refers to the length of the column and the diameter of the plate. The power-law parameterizations for small and large columns were later introduced by Mitchell and Arnott (1994) after reanalyzing the corresponding measurement results of Auer and Veal (1970) . Figure 1 shows scattering phase functions at a wavelength of 0.5 m for the randomly oriented crystals: hexagonal column, a hexagonal plate, and a polycrystal. Only the ray tracing part is shown in this diagram (no diffraction) to emphasize the dependence of the phase function on particle shape. While the hexagonal particle shows a number of scattering features like pronounced forward and backscattering peaks as well as halos, the phase function of the polycrystal is essentially featureless.
In order to perform SD averages, the single scattering properties for columns, plates, and polycrystals have been calculated for the six sizes 25, 50, 100, 200, 400, and 800 m. For columns and plates, these sizes refer to the maximum dimension. For the polycrystal, these sizes denote the length of the initial tetrahedron . The latter is about 15% smaller than the particles maximum dimension.
The three wavelengths of ϭ 0.5, 1.6, and 3.0 m were selected to represent nonabsorbing, moderately ab- sorbing, and strongly absorbing solar spectral regions, respectively. The optical constants of ice at these wavelengths are taken from Warren (1984) . Tables 2-4 show the asymmetry parameter g (including diffraction) and single scattering albedos 0 for all particle shapes and particle sizes at the three wavelengths. A detailed discussion of the dependence of light scattering by ice crystals on shape, size, and wavelength can be found in Takano and Liou (1989, 1995) , Macke et al. (1996) , and Macke and Mishchenko (1996) .
Note that using a size-independent particle geometry like the (fractal) polycrystal may be problematic for calculating SD averages of single scattering properties for irregular ice crystals. The analysis of replicator data (maximum dimension Ͻ200 m) and optical array probe measurements indicate that larger irregular crystals are less compact (i.e., less dense) than smaller ones (e.g., Mitchell and Arnott 1994) . The (fractal) polycrystal shows mass-dimension relationships that are very close to those obtained from the replicator measurements for irregular ice crystals smaller than 100 m (see Table 3 in Mitchell et al. 1996) . Therefore, applying the polycrystal model to large ice crystals may lead to an overestimation of ice particle mass and thus to erroneously low values for the single scattering albedo, at least for the moderately absorbing wavelength. It should be noted, however, that reliable measurements of aspect ratio and mass for irregular crystals are not generally available at the present time. Strictly speaking, the above argument could also be applied to the other two particle shapes, since differences clearly exist between real ice columns or plates and the pristine hexagonal particles used for the calculations in this study. Using idealized particle shapes will never satisfy real situations in cirrus clouds. On the other hand, taking totally realistic ice crystal geometries into account is far beyond the present observational and theoretical capabilities.
Ice particle size distributions
A large number of flights during various field campaigns have provided a huge amount of in situ measurements of ice particle SDs (e.g., Gayet et al. 1996; Heymsfield and Miloshevich 1995; McFarquhar and Heymsfield 1996) . The strong scatter in the reported SDs is mainly due the fact that the measurements were taken in very different cloud conditions and that cirrus clouds have a large degree of natural variability. Furthermore, some of the scatter may result from problems associated with data aquisition software, the electronics, and calibration (Gayet et al. 1993) .
This spread in the in situ ice particle measurements motivates a statistical approach for determining the influence of SDs on the particles' scattering properties. Rather than choosing one mean SD for a certain cloud type as has been done in previous studies (Kinne and Liou 1989; Takano and Liou 1989) , many SDs were taken into account to obtain averaged single scattering properties for each distribution. This approach renders it possible to obtain not only the mean value but also higher order statistical moments of the SD-weighted scattering properties.
The SD data have been collected from measurements during ICE, FIRE, EUCREX, and CEPEX. Particle sizes were measured with a two-dimensional cloud probe (2DC), a two-dimensional precipitation probe (2DP), and a forward scattering spectrometer probe (FSSP). While the 2D probes essentially measure the cross-sectional area A of ice particles, the FSSP is an indirect sizing probe that converts measured intensities to a sphere radius assuming spherical particle shapes. Its response to nonspherical crystals is not known at the present (Gardiner and Hallet 1985) . Furthermore, the FSSP may also have problems with interference of small crystal measurement due to presence of larger ice crystals. Therefore, FSSP data are not considered in this paper. Nominal size ranges and resolutions of the 2DC and 2DP probes are shown in Table 5 , where ''size'' is defined as the maximum particle dimension either parallel or normal to the aircraft flight direction. According to Baumgardner and Korolev (1997) and Hobbs et al. (1996) particles smaller than about 100 m may be underestimated by the optical array probes (OAP) due to electronic response time limitations at high air speeds. Thus, the lower size ranges given in Table 5 may be too small.
In this paper the size of the particles is defined by the radius r eqv of a cross-sectional equivalent sphere. Here N(r) denotes a SD given in number of particles per volume. Therefore, the total number of particles per unit volume is given by
where i denotes a size interval. The volume extinction coefficient ␤ ext for a homogeneous cloud parcel is given by
where Q ext ϭ 2 is the extinction efficiency for large ice crystals at solar wavelengths.
The effective radius r eff of a given SD N(r) may be defined by the ratio of the third to the second moment of the distribution; Each SD used in this study results from averaging the data along a horizontal flight leg. The corresponding measurement distance is about 100-150 km, depending on the speed of the aircraft and the choice of the flight pattern.
Examples of SDs for a midlatitude cirrus as measured during EUCREX and a tropical cirrus as measured during CEPEX are shown in Figs. 2 and 3 . The EUCREX results are from a combined 2DC and 2DP measurement whereas the CEPEX data are based on 2DC measurements only.
Note that the 2D probe SDs do not show a local
VOLUME 55 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S FIG. 2. Particle SDs obtained during a EUCREX flight mission on 8 July 1993. Each spectrum resulted
from averaging along a horizontal flight leg. maximum in number concentration. Based on video image measurements McFarquhar and Heymsfield 1997; Kinne and Coauthors 1997) and balloonborne replicator measurements, this maximum occurs at a size of about 10 m. The contribution of those small particles not detected by the 2DC measurements to the overall extinction appears to be small, at least for the radiatively important cases of moderate to large total volume extinction Kinne and Coauthors 1997) . However, one has to bear in mind that all conclusions that are based on analyzing OAP data only may be subject to changes when small ice particles turn out to play a bigger role than anticipated in the present paper. From the point of view of single scattering theory, small ice particles may violate the applicability of the ray optics approximation. However, it has been shown that the combination of ray optics with exact theories like the T-matrix method (Macke et al. 1995) or the finite difference time domain method (Yang and Liou 1995) essentially covers the entire size spectra of atmospheric ice particles. Therefore, a consideration of small ice particles in single scattering calculations is basically hindered by the lack of information regarding size, shape, and number concentration of these small particles. The size parameter x ϭ 2r/ for the smallest particles considered in our study is about 200 at visible wavelengths (0.5 m) and about 30 at the low-frequency end of the solar spectrum (4 m). Given the spectral curve of the incoming solar intensity, geometric optics appears to be a reliable approximation for most of the solar input. However, one has to bear in mind that this situation is problematic in the solar infrared, particularly for the smallest crystals. On the other hand, both the nonsphericity of ice crystals and the fact that ice is absorbing in the solar IR reduces the errors in the ray optics approximation (Macke et al. 1995; Macke et al. 1997; Wielaard et al. 1997) .
Equations (2)- (4) show that the total number concentration and effective radius are important in determining the volume extinction coefficient. The crucial difference between these two parameters is that r eff determines both the mean single scattering properties (i.e., the single scattering albedo and the asymmetry parameter) and the extinction coefficient, whereas N total affects the extinction coefficient only. Figure 4 shows the dependence of the volume extinction coefficient on size and number density respectively for all SDs used in this study. Interestingly, the extinction and thus the optical thickness is more strongly correlated with particle number concentration than with the particle size. As expected, extinction increases with particle size. However, the overall scatter is stronger than the magnitude of this slope. Note that the SDs from the three midlatitude experiments cover essentially the same data space whereas the CEPEX data show a tendency toward higher extinction coefficients. This is to a small degree caused by larger particle sizes and to a larger degree due to the higher number densities. The bottom diagram in Fig. 4 shows that effective particle size and total number concentration are essentially uncorrelated. Applying power-law fits to the data shown in Fig. 4 yields for the r eff Ϫ ␤ ext , the N total Ϫ ␤ ext , and the N total Ϫ r eff data pairs correlation coefficients of 0.408, 0.777, and Ϫ0.155, respectively. Table 6 shows the mean value and standard deviation (in brackets) of effective radii r eff , total number density N total , and volume extinction coefficient ␤ ext for all SDs separated into midlatitude and tropical cirrus. These numbers again show that the larger extinction for the tropical cirrus SDs results basically from the larger number density than from the larger particle sizes. However, this conclusion has to be regarded as preliminary since particles with equal-sphere-area equivalent radii smaller than about 20-40 m are not considered here. In theory, a large number of undetected small ice crystals for either the midlatitude or tropical cirrus cases may reduce or enhance these differences. However, the current set of analyzed measurements of small ice crystals is too small to assess this problem.
Note that the scatter as shown in the three diagrams does not necessarily reflect a random or chaotic nature of cirrus clouds. A correlation of the parameter discussed above (i.e., N total , r eff , and ␤ ext ) with temperature, humidity, vertical velocity, and other (thermo-)dynamical properties may give much stronger correlations (e.g., Heymsfield and Miloshevich 1995) . Furthermore, there might be more hope for better correlations for those clouds that are more associated with large-scale lifting than those associated with deep convection. However, there will always remain a certain degree of natural variability that will defy a perfect correlation between the microphysical properties and their causes.
Single scattering properties
The mean scattering phase matrix ͗P i,j ()͘ (i, j ϭ 1, . . . , 4) and mean single scattering albedo ͗ 0 ͘ for a certain size distribution N(r) and a certain particle shape are given by
where C(r) denotes the scattering cross section at size r. At nonabsorbing wavelengths C(r) equals twice the projected area A(r). The analysis of the scattering phase matrix is limited to the asymmetry parameter in this work, 
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͵ 1,1 ⍀ where denotes the scattering angle and ⍀ refers to a solid angle interval. Though important for (polarized) remote sensing, a discussion of the angular dependence of scattered (polarized) intensity would be beyond the scope of this paper. Furthermore, ͗g͘ and 0 are the most important single scattering parameters for determining the amount of reflected and absorbed energy (e.g., Stackhouse and Stephens 1991) . Figures 5 and 6 show the frequency distributions of ͗g͘ at 0.5, 1.6, and 3.0 m, and the distribution of ͗ 0 ͘ at 1.6 and 3.0 m for the 185 midlatitude SDs. The corrresponding mean values and standard deviations are listed in Table 7 . The 26 SDs from CEPEX are not sufficient to provide similar statistics for the tropical cirrus data.
Dealing with 0.5 m first, we see that the asymmetry parameter varies significantly for distributions of columns and plates. This variation is basically due to the size dependence of the particles aspect ratios as discussed in section 2. Since the same shape for polycrystals is used at all sizes, the asymmetry parameter of this particle type shows only small variations. Note that the magnitude of the asymmetry parameter is much more sensitive to the choice of particle shape than to the size distributions. In spite of the strong scatter in the SDs as shown in Fig. 4 , none of the asymmetry parameters overlap at 0.5 m for the different particle types. For example, the differences between ͗g͘ for columns and plates are about 6 times larger than the standard deviations for the individual distributions.
Turning to 1.6 m, the additional size dependence at this wavelength due to absorption leads to a larger spread in g (compared to the situation at 0.5 m) and moves the g frequency distribution to larger values. Figure 6 and Table 7 show that the larger spread in g for columns and polycrystal at 1.6 m is essentially caused by the large scatter in the single scattering albedo of these crystal types. Columns and polycrystals provide similar values for ͗ 0 ͘, that is, in mean absorption strength. However, the scatter is smaller for columns. For most SDs scattering by plates is still more anisotropic than by columns and polycrystals. Although absorption tends to attenuate the dependence of light scattering on the particle shape, the differences in ͗g͘ for columns, plates, and polycrystals are still about twice as large as the largest standard deviation in ͗g͘ (for the polycrystals) at this wavelength. At the strong absorbing wavelength of 3.0 m, the largest portion of the incident light is absorbed by the particles and the variations in asymmetry parameter and single scattering albedo due to different SDs reduces strongly. The small remaining size dependence of light scattering at this wavelength is not sufficient to over-VOLUME 55 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S come the differences due to the different particle shapes. Polycrystals always provide smaller ͗g͘ and smaller ͗ 0 ͘ values than the hexagonal particles. The differences are about 10 times larger than the scatter for the individual distributions. Differences in ͗g͘ for columns and plates are still twice as large as the standard deviation of their distributions.
Summary and conclusions
Our analysis of ice particle SDs shows that the volume extinction coefficient and thus the optical thickness of cirrus clouds is more determined by the crystal concentration than by particle sizes (see Fig. 4 ). Furthermore, it turns out that the mean single scattering properties (i.e., asymmetry parameter and single scattering albedo) are more sensitive to crystal shape than to particle size distributions (see Fig. 5 ). This is most pronounced at the nonabsorbing visible wavelengths, that is, at the maximum of the incoming solar irradiation. This leads to the conclusion that the broadband solar radiative properties of cirrus clouds are determined primarily by number density and particle shape rather than by the particle size.
Our findings that effective particle size (and thus mean scattering properties) and total number density (and thus optical thickness) are essentially uncorrelated suggests using both as independent microphysical parameters. This situation might simplify the modeling of three-dimensional cloud radiative transfer, since spatial variations in optical thickness do not have to be accompanied by corresponding variations in the mean single scattering properties.
While the present study only considered SDs consisting of one ice particle type, that is, either columns, plates, or polycrystals, real SDs may contain a mixture of crystal shapes, which strongly affects the mean scattering properties at both absorbing and nonabsorbing wavelengths. A typical example is the change in particle habit with size as reported in numerous in situ measurements (e.g., Heymsfield and McFarquhar 1996) . Although a large number of in situ measurements of cirrus clouds microphysical properties exist, such size-shape correlations have not been sufficiently explored yet. Optical array probe measurements as used in the present paper are difficult to interpret in terms of actual particle shapes, because the measured projected area is not uniquely related to the shape of the crystals. Some recent papers address this problem (e.g., Duroure et al. 1994; Iaquinta et al. 1995) . Applying the results of such studies to the SDs presented here will be a promising continuation of our work. Other interesting sources of data are holographic measurements obtained during the ICE (Krupp 1992) and from the Subsonic Contrails and Clouds Effects Special Study as well as spatially high resolved video images from the Video Ice Particle Sampler . These kind of data will also help to define the role of small ice particles (Ͻ20-100 m) that are not adequately detected by the optical array probe measurements.
